Rationale: The effects of fluid administration during acute asthma exacerbation are likely unique in this patient population: highly negative inspiratory intrapleural pressure resulting from increased airway resistance may interact with excess fluid administration to favor the accumulation of extravascular lung water, leading to worse clinical outcomes.
Although asthma exacerbation is characterized by incomplete lung emptying due to airway obstruction, increases in endexpiratory intrapleural pressure tend to be modest (1) (2) (3) (4) . Indeed, highly negative intrapleural pressures are generated during the inspiratory phase of the respiratory cycle to overcome the resistive load imposed by narrowed airways, and an overall decrease in mean intrapleural pressure has been observed during acute asthma exacerbation (1) (2) (3) 5) . In animal models, such negative swings in intrapleural pressure generate a hydrostatic driving gradient favoring the movement of fluid out of the vascular compartment into the interstitium of the lung (5, 6) . In this context, administering fluids to individuals with severe acute asthma exacerbation in excess of deficit replacement may further enhance the hydrostatic and oncotic gradients favoring the accumulation of extravascular lung water (5) . Thus, we hypothesize that administering excess fluid during treatment for severe acute exacerbation may interact with underlying physiological derangements, leading to increased lung water and worse clinical outcomes. Such an association would have important implications for fluid management during asthma exacerbation.
There have been few studies in humans that investigate fluid management during acute asthma exacerbation and how fluid overload may contribute to asthma outcomes (7) . We sought to test the association between fluid balance and clinical outcomes in children with severe acute asthma exacerbation and then investigate how changes in intrapleural pressure during acute exacerbation interact with fluid balance.
Methods Study Population and Procedures
We performed a retrospective cohort study of patients with asthma presenting to Boston Children's Hospital. The findings were validated in a matched retrospective cohort and in a prospective observational cohort. The Boston Children's Hospital institutional review board approved this study (protocol p00000084).
Retrospective cohort. Asthma exacerbation encounters were identified for the 7-year period beginning January 2010, on the basis of International Classification of Diseases billable codes (see online supplement). Exclusion criteria were: not admitted, absence of intravenous fluids within 24 hours of presentation, aged younger than 6 years, chronic lung disease, acute pneumonia, and absence of admission weight. From this cohort, individuals with a single hospital encounter recorded during the study period were included in the standard retrospective analysis (see Figure E1 in the online supplement). The study time frame was chosen because it coincided with the introduction of an asthma Standard Clinical Assessment and Management Plan (8) , designed to reduce practice variation by matching treatment regimen to an internally validated acute asthma severity score similar to the Modified Pulmonary Index Score (9).
Quasi-experimental matched validation cohort. Individuals from the retrospective cohort with multiple hospital encounters recorded during the study period were included in the matched analysis, in which we created a quasi-treatment and a quasicontrol group as follows: 1) quasi-treatment group, those with a clinically meaningful peak fluid overload greater than or equal to 7% (a threshold identified in the receiver operating characteristic [ROC] analysis, see below); and 2) quasi-control group, those with peak fluid overload less than 7% (summarized in Figure E1 ). Mahalanobis distance matching was used to reduce bias and balance covariate distributions on the basis of the following covariates: initial acute asthma severity score, serum bicarbonate, and median heart rate. Matching covariates were chosen because of a significant association with the amount of fluid administration (data not shown). Quasi-treatment and quasi-control events were paired based on the shortest Euclidean distance, and the remaining observations were eliminated from the analysis. Individuals were included in this analysis only if they had both a quasi-treatment encounter and a quasi-control encounter (maximum one pair per individual); hence, each treated individual served as their owned paired control.
Prospective validation cohort. Details of this cohort have been published previously (10, 11) . Only subjects who were single positive for rhinovirus (out of 12 respiratory viruses tested) were included (see online supplement).
At a Glance Commentary
Scientific Knowledge on the Subject: The factors that influence clinical outcomes of children hospitalized for acute asthma exacerbation are poorly understood. During severe acute asthma exacerbation, highly negative intrapleural pressures during the inspiratory phase of the respiratory cycle are generated to overcome the resistive load imposed by narrowed airways. Evidence in animal models suggests that such negative intrapleural pressures can promote the accumulation of extravascular lung water, which in turn could impact gas exchange, lung compliance, and work of breathing. In this context, administering excess fluids during treatment for acute asthma exacerbation may further augment the accumulation of extravascular lung water and lead to worse clinical outcomes. However, to date, there has been no study to directly investigate this possibility.
What This Study Adds to the
Field: This study establishes that in a large retrospective cohort of children hospitalized with acute asthma exacerbation, fluid overload is associated with worse clinical outcome, namely hypoxia, duration of therapy, and hospital length of stay. These findings were validated in a large prospective observational cohort of children hospitalized with rhinovirus-triggered asthma exacerbation, providing evidence of generalizability to those with acute exacerbation. Finally, we provide a physiologic mechanism for the associations by demonstrating that the large negative intrapleural pressure swings that occur during asthma exacerbation interact with fluid overload to increase the risk of extravascular lung water accumulation. Our analysis suggests that future studies investigating fluid management in asthma exacerbation are a promising avenue to improve the hospital-based care of children with acute asthma exacerbation. Note that this calculation does not account for the degree of dehydration at the time of admission. The peak fluid overload was defined as the highest cumulative fluid overload percent over the first 72 hours of hospitalization (or until discharge if this occurred before 72 h). For the prospective cohort, inputs and outputs during hospitalization were recorded prospectively per study protocol, and the fluid overload percent at the time of the outpatient follow-up visit was assumed to be zero. Time to every-2-hour albuterol is the hours over which b-agonist therapy was weaned. A supplemental oxygen requirement was defined as oxygen in use for more than 2 hours and room air oxygen saturation less than 94%. Duration of supplemental oxygen was the time from first use until discontinuation for greater than 2 hours. A noninvasive positive pressure ventilation requirement was defined as the use of continuous positive airway pressure, biphasic positive airway pressure, or high-flow nasal cannula for 2 or more continuous hours.
Esophageal balloon catheters were placed for clinical indications only in patients who were intubated, and pressure measurements were recorded during spontaneous breathing, pressure support trials (prospective cohort). For each time point, the minimum esophageal pressure readings during the inspiratory phase of three respiratory cycles were averaged. Peak aortic velocity (see below) was measured at approximately the same time.
Ultrasound Imaging and Measurements
Ultrasound images were acquired in the prospective cohort using a GE Healthcare Logiq e System for the 5-year period beginning January 2012. B-lines (a comet tail artifact extending from the visceral pleura of the lung vertically to the edge of the screen) were visualized with a 12-MHz transducer as described (13) , and the cumulative number of B-lines was scored by a blinded observer from four separate intercostal spaces per individual (13) . An abnormal B-line pattern (indicative of extravascular lung water) was defined as follows: 1) three or more B-lines per intercostal space, and 2) positive findings in each of the four scanned intercostal spaces (14) .
Cardiac ultrasound images were obtained in the prospective cohort using a 7-MHz transducer. Peak aortic velocity was measured from an apical five-chamber view by pulsed Doppler. Maximal and minimal values of peak aortic velocity (Vpeak max and Vpeak min ) were determined over a single respiratory cycle, and the mean of three measurements was used to calculate percent variation in peak aortic velocity over the respiratory cycle (Δ peak aortic velocity %) as follows:
Aortic velocity measurements and lung ultrasound B-line measurements were recorded longitudinally over the course of the hospitalization and at follow-up clinic visits.
Statistical Analysis
For the standard retrospective cohort analysis, univariate and multivariable linear or logistic regression were used to investigate the associations between peak fluid overload percent and outcome measures. The following covariates were included: age, sex, white race, body mass index (BMI), use of high-dose inhaled corticosteroids (ICS), initial serum bicarbonate, season, and initial acute asthma severity score. Comparisons in the matched retrospective cohort were made using the paired Student's t test. For the prospective cohort, univariate and multivariable linear or logistic regression was used to investigate the associations between fluid overload percent and outcome measures. Covariates for multivariable models included age, sex, white race, Composite Asthma Severity Index score (15) , initial serum bicarbonate, and acute asthma severity score. For the retrospective cohort (n = 1,175), ROC curve analysis was used to identify a clinically meaningful fluid overload percent cutoff for the risk of supplemental oxygen use. Multivariable linear or logistic regression was used to validate this cutoff against the outcome measures, adjusting for age, sex, race, BMI, use of high-dose ICS, initial serum bicarbonate, season, and the acute asthma severity score.
The multivariable linear regression models of the association between peak aortic velocity and the number of B-lines were adjusted for age, weight, length of stay, and acute asthma severity score at the time measurements were performed. Because ultrasound measurements were recorded longitudinally, a random effect for individuals was added to the models to account for this by-individual variation. Certain models included an interaction term to investigate how the association between peak aortic velocity and B-lines changed depending on fluid overload. A two-sided P value , 0.05 was considered statistically significant. All analyses were performed with Stata, v.13.
Results

Fluid Balance and Clinical Outcomes
Retrospective cohort. We analyzed 1,175 encounters to determine the association between fluid balance and clinical outcomes in children with acute asthma exacerbation. This cohort represented 8% of total asthma exacerbation encounters (n = 15,992), and 23.1% of all inpatient admissions (n = 5,068) during the study time frame ( Figure E1 ). The demographics for this retrospective cohort are summarized in Table 1 . We found that a positive fluid balance was significantly associated with longer length of stay and longer duration of b-agonist therapy and supplemental oxygen ( Figure 1 ): on average a 1% increase in fluid overload is associated with z7-hour increase in hospital length of stay, z6-hour increase in the duration of b agonist, and z2-hour increase in the duration of supplemental oxygen (all P values , 0.001). These relationships remained significant after adjusting for age, sex, race, BMI, use of high-dose ICS, initial serum bicarbonate, season, and the acute asthma severity score (Figure 1 and summarized in Table E1 ).
An ROC analysis identified a peak fluid overload percent of greater than or equal to 7% as clinically meaningful: those with fluid overload greater than or equal to 7% had significantly increased risk of requiring supplemental oxygen (odds ratio [ Figure E2 ) even after adjustment. The area under the ROC curve was 77%.
Validation in quasi-experimental matched retrospective cohort. We validated the relationship between fluid balance and clinical outcomes using a quasiexperimental approach in which individuals with multiple asthma admissions during the study time frame were assigned to a quasitreatment group (fluid overload > 7%) and a quasi-control group (fluid overload , 7%) (see METHODS). In 83 well-balanced, paired encounters (demographics summarized in Table 2 ), the average peak fluid overload for the quasi-control group was 2.86 6 1.81%, and the average for the quasi-treatment group was (mean 6 SD) 8.9 6 2.1% (P , 0.001). The mean length of stay was greater in the quasi-treatment group (101.8 6 44.1 h) than in the quasi-control group (53.6 6 22.5 h; P , 0.001), the mean duration of b-agonist therapy was greater in the quasitreatment group (76.4 6 44.2 h) than in the quasi-control group (32.5 6 23.5 h; P , 0.001), and the mean duration of supplemental oxygen was greater in the quasi-treatment group (22.0 6 15.4 h) than in the quasi-control group (12.4 6 8.3 h; P , 0.001) (Figure 2 and summarized in Table E1 ). The quasi-treatment group had a significantly increased risk of requiring supplemental oxygen (OR, 5.95; 95% CI, 2.9-12.2; P , 0.001).
Validation in prospective observational cohort. We also validated our findings in a large prospective observational cohort of children with acute asthma exacerbation triggered by rhinovirus (10) . The demographics for this prospective observational cohort are summarized in Table 3 . Positive fluid balance was significantly associated with longer length of stay and longer duration of b-agonist therapy and supplemental oxygen (Figure 3 ). These relationships remained significant after adjusting for age, sex, race, Composite Asthma Severity Index (15), serum bicarbonate, and acute asthma severity score ( Figure 3 and Table E1 ). We found that individuals with a peak fluid overload greater than or equal to 7% had significantly increased risk of requiring supplemental oxygen after adjusting for the same covariates (OR, 2.3; 95% CI, 1.02-5.2; P = 0.044).
Physiologic Validation
In the prospective observational cohort, we found a modest but significant association between fluid overload greater than or equal to 7% and the presence of an abnormal number of ultrasound B-lines (a sensitive and specific proxy for the presence of extravascular lung water [13, 16, 17] ) (OR, 2.71; 95% CI, 1.62-4.5; P , 0.001).
We also observed that intubated but spontaneously breathing subjects with acute asthma exacerbation generated significantly more negative inspiratory To test this hypothesis in the larger prospective observational cohort of nonintubated patients with asthma, we measured the variation in peak aortic blood flow velocity over the respiratory cycle using Doppler echocardiography, a noninvasive and accurate proxy for intrapleural pressure: the drop in inspiratory intrapleural pressure resulting from airway obstruction in spontaneously breathing individuals causes a proportional drop in peak aortic blood flow velocity due to heart-lung interactions (2, (20) (21) (22) (23) (24) . Hence, more negative intrapleural pressure (e.g., during asthma exacerbation) is reflected by increased variation in peak aortic velocity over the respiratory cycle. This is the same mechanism that accounts for the occurrence of pulsus paradoxus during asthma exacerbation (19) . We confirmed that variation in peak aortic velocity is a close proxy for intrapleural pressure in a subset of the prospective observational cohort (R 2 = 83%; Figure E3 ). There is a robust interaction between fluid overload and respiratory variation in peak aortic velocity with respect to signs of extravascular lung water. As respiratory variation in peak aortic velocity increased (indicating more negative swings in inspiratory intrapleural pressure), those individuals with clinically meaningful fluid overload (>7%) were significantly more likely to exhibit ultrasound signs of extravascular lung water compared with individuals with less fluid overload (,7%), even after adjusting for age, weight, length of stay, and acute asthma severity score ( Figure 4A ).
We identified a significance threshold in the association between respiratory variation in peak aortic velocity and B-lines when variation in aortic velocity was greater Figure 2 . Validation in a quasi-experimental matched cohort. For individuals with multiple admissions during the study time frame, a data-matching approach was used to construct a quasi-control group (cumulative peak fluid overload percent ,7%) and a quasi-treatment group (cumulative peak fluid overload percent >7%). Encounters were matched based on median initial heart rate, initial serum bicarbonate, and acute asthma severity score. Individuals were included in this analysis only if they had both a quasi-treatment encounter and a quasi-control encounter; hence, each treated individual served as their owned paired control (n = 83 individuals; 166 paired encounters). (A) Length of stay, (B) duration of b-agonist therapy, and (C) duration of supplemental oxygen were all significantly greater in the quasi-treatment group compared with the quasi-control group. Box-plots split datasets into quartiles, with outliers represented by solid circles. Paired t test P values are shown.
than or equal to 11% ( Figure E4 ). Individuals who had both variation in peak aortic velocity above this threshold and clinically meaningful fluid overload (FO% > 7) had significantly greater odds of an abnormal number of B-lines compared with patients with fluid overload greater than or equal to 7% but low variation in peak aortic velocity, even after adjustment (OR, 41.7; 95% CI, 9.1-192.3; P = 0.001). Furthermore, we found that the combination of fluid overload (FO% > 7) and high respiratory variation in peak aortic velocity (>11%) were significantly associated with longer length of stay and longer duration of b-agonist therapy and supplemental oxygen than those with high fluid overload but low respiratory variation in peak aortic velocity: on average, hospitalizations with both high fluid overload and high respiratory variation in peak aortic velocity were associated with z19-hour increased length of stay, z15-hour increased duration of b agonist, and z19-hour increase in the duration of supplemental oxygen. These relationships remain significant after adjusting for age, sex, race, Composite Asthma Severity Index score, initial serum bicarbonate, and acute asthma severity score ( Figures 4B-4D ). Individuals with high fluid overload (FO% > 7) and high respiratory variation in peak aortic velocity (>11%) were also significantly more likely to have used supplemental oxygen than those who had high fluid overload but low respiratory variation in peak aortic velocity after adjusting for the same covariates (OR, 5.1; 95% CI, 1.2-21.4; P = 0.026; n = 37).
Discussion
We demonstrate for the first time that positive fluid balance is associated with worse clinical outcomes in children hospitalized for severe acute asthma exacerbation. We also demonstrate that fluid overload is directly related to markers of increased extravascular lung water. Finally, we show a robust interaction between fluid overload and a proxy measure for intrapleural pressure: individuals with the combination of fluid overload and high respiratory variation in peak aortic velocity had lung ultrasound findings more consistent with lung water and had worse clinical outcomes than individuals who were fluid overloaded but had low respiratory variation in peak aortic velocity. These data are consistent with a model in which administering excess fluids during the course of treatment, combined with the highly negative inspiratory intrapleural pressure resulting from increased airway resistance, favors the movement of fluid from the vascular compartment to the lung interstitium, leading to decreased lung compliance, increased work of breathing, and impaired gas exchange (5, 6) . These data suggest that fluid management is an important modifiable risk factor: those without fluid overload face a relatively low risk of extravascular lung water, even in the face of highly negative intrapleural pressure (Figure 4) .
Our study is consistent with others that document highly negative swings in intrapleural pressures during an acute asthma exacerbation (2, 18, 19) and with those showing that negative pressure pulmonary edema results from hydrostatic forces that favor the accumulation of extravascular lung water (25) . Our study further corroborates a recent report showing children with asthma exacerbation 
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have abnormal lung ultrasound findings consistent with increased lung water (26) and supports that the interaction between fluid overload and asthma exacerbation physiology in humans is similar to animal models (5) . Most importantly, our findings are broadly consistent with studies demonstrating that fluid overload is associated with poor clinical outcomes for a number of critical conditions in pediatrics (12, (27) (28) (29) .
This study has multiple limitations. First, fluid balance may simply be a marker of illness severity rather than a cause of worse clinical outcomes (30) . We do not favor this explanation because 1) our regression models were adjusted for illness severity using a clinical scoring tool that specifically quantifies the severity of acute asthma exacerbation; 2) we did not observe this relationship in patients with either acute appendicitis or with status epilepticus (see online supplement), arguing that fluid overload is not simply a nonspecific marker of disease severity; 3) we present evidence for a mechanistic basis for our inferential statistical findings (i.e., increased extravascular lung water); and 4) fluid resuscitation is not commonly used as a therapeutic goal in the management of acute asthma exacerbation, hence the relationship between severity and fluid balance is not as clear as it is for diseases such as septic shock. The second limitation is that fluid overload percent as calculated in our definition relies on admission weight and thus will exaggerate fluid overload in a population of patients, such as patients with asthma, who are likely to be dehydrated at admission. Third, measuring input and output in a retrospective cohort is imprecise, and fluid overload percent might be overestimated in cases where output was missed. However, our results were replicated both when we examine a subset of patients who had indwelling urinary catheter (presumably allowing more accurate output measurements; see online supplement) and in the prospective observational cohort. Fourth, outcome measures were not dictated by a study protocol; thus, bias could have been introduced through variation in individual provider practices. However, the majority of individuals were managed according to a Standard Clinical Assessment and Management Plan, which reduces practice variation (8) . Fifth, this study was conducted at a single center and needs to be replicated by others. Sixth, the relationship between peak aortic velocity and intrapleural pressure is confounded because peak aortic velocity is also influenced by hydration status (31) . Thus, in patients who are dehydrated, we may overestimate the degree of negative intrapleural pressure generated during inspiration. However, the regression model is adjusted for serum bicarbonate, a marker of dehydration (32) . Furthermore, our data suggest that variation in peak aortic velocity is more closely correlated with intrapleural pressure, as we demonstrate a robust relationship between aortic velocity and the presence of lung water, a finding that seems For individuals with rhinovirus-triggered asthma exacerbation (n = 61 individuals with 288 measurements), as percent variation in peak aortic velocity over the respiratory cycle (Δ peak aortic velocity %) increased, those individuals with clinically meaningful fluid overloaded (fluid overload percent [FO%] > 7, orange; n = 108 observations) were significantly more likely to exhibit ultrasound signs of extravascular lung water (B-lines) compared with individuals with FO% less than 7 (black; n = 180 observations). The linear regression interaction coefficient (inter coef), 95% confidence interval (CI), and interaction P (inter p) value are shown (multivariable analysis adjusted for age, weight, time from hospital admission to ultrasound measurements, and acute asthma severity score at the time of ultrasound measurements). The combination of clinically meaningful fluid overload (FO% > 7) and high respiratory variation in peak aortic velocity (>11%) was significantly associated with (B) longer length of stay (LOS), (C) longer duration of b-agonist therapy, and (D) longer duration of supplemental oxygen when compared with patients who had clinically meaningful fluid overload but low respiratory variation in peak aortic velocity. Box-plots split datasets into quartiles, with outliers represented by solid circles. The regression coefficient (coef), 95% CI, and P value are shown (multivariable analysis adjusted for age, sex, race, composite asthma severity index score, initial serum bicarbonate, and acute asthma severity score).
biologically less plausible in the setting of substantial dehydration. Finally, because this was not a prospective randomized trial, we cannot make definitive conclusions about fluid administration protocols in patients with acute severe asthma.
In summary, this study establishes a relationship between positive fluid balance and worse clinical outcomes in children with severe acute asthma exacerbation and suggests a mechanistic basis for this relationship: fluid overload interacts with the highly negative swings in intrapleural pressure that occur with obstructed airways to drive the accumulation of extravascular lung water. These observations raise critical management questions regarding volume administration protocols and the use of maintenance fluids in pediatric patients with severe asthma exacerbation. Our results suggest that clinicians should be judicious in their approach to administering fluids to patients with asthma and that future studies investigating fluid management hold promise for improving the hospital-based care of children with severe acute asthma exacerbation. n Author disclosures are available with the text of this article at www.atsjournals.org.
